SUMMARY
This review article introduces the significance of testing of volatile organic compounds (VOCs) in clinical samples and summarizes important features of some of the technologies. Compared to other human diseases such as cancer, studies on VOC analysis in cases of infectious diseases are limited. Here, we have described results of studies which have used some of the appropriate technologies to evaluate VOC biomarkers and biomarker profiles associated with infections. The publications reviewed include important infections of the respiratory tract, gastrointestinal tract, urinary tract, and nasal cavity. The results highlight the use of VOC biomarker profiles resulting from certain infectious diseases in discriminating between infected and healthy subjects. Infection-related VOC profiles measured in exhaled breath as well as from headspaces of feces or urine samples are a source of information with respect to disease detection. The volatiles emitted in clinical matrices may on the one hand represent metabolites of the infecting pathogen or on the other hand reflect pathogen-induced host responses or, indeed, a combination of both. Because exhaled-breath samples are easy to collect and online instruments are commercially available, VOC analysis in exhaled breath appears to be a promising tool for noninvasive detection and monitoring of infectious diseases.
INTRODUCTION

E
merging advances in analytical technologies for detecting and measuring volatile organic compounds (VOCs) in clinical matrices have generated increasing interest for their use in evaluating the diagnostic potential of VOCs for different diseases (1) (2) (3) . VOCs represent a wide range of stable chemicals, volatile at ambient temperature (may emit odors), and are detectable in exhaled breath, urine, feces, and sweat (3, 4) . Testing for volatile biomarkers in clinical samples offers an option for developing rapid and potentially inexpensive disease screening tools. Most of the studies on volatile biomarkers have been carried out on exhaled-breath samples (5) (6) (7) (8) (9) (10) (11) , although other clinical matrices, such as urine (12) and feces (13) , have also been investigated. Analysis of breath samples for testing of volatiles can be performed frequently in follow-up studies, which may reflect disease progression and be helpful in monitoring therapeutic intervention. Moreover, breath tests (BTs) are noninvasive and thus suitable for critically ill patients (in intensive care units) and small children. Furthermore, they have been proven to be useful for diagnosing a broad range of diseases, including diabetes (14) (15) (16) , gastrointestinal and liver diseases (17) , lung disorders (10, 18) , different types of cancer (19) (20) (21) (22) , and infections (3, 23, 24) .
VOCs are either inhaled or absorbed through the skin from the environment and subsequently contribute to exhaled breath. Furthermore, they present themselves as endogenous products of physiological/metabolic body processes or products of various microbial pathogens/commensals, or they are produced by the host in response to microbial infections, e.g., during the inflammatory response. It is believed that VOCs are transported from different organs via blood to the lungs and subsequently excreted from there by diffusing across the pulmonary alveolar membrane and exhaled via breath (25) . Assessment of endogenous VOCs can provide insights into healthy and diseased metabolic states, whereas the detection of exogenous compounds suggests exposure to a drug or compound associated with environmental or occupational exposure (26) .
The introduction of new analytical approaches and technological developments in instrumentation has enabled the detection of low concentrations of VOCs in clinical samples such as exhaled breath, urine, and feces of patients and has allowed us to predict those which are found to be distinctive (based on qualitative and/or quantitative variations) compared to healthy individuals or are linked to a disease state (27) (28) (29) (30) (31) (32) .
To date, limited progress has been made in the identification of body-derived endogenous VOC profiles associated with infectious diseases that could be used as disease biomarkers. The objective of this article is to review emerging studies focusing on the utility of VOC analysis as a diagnostic tool for detecting and monitoring infectious diseases in a clinical setting. The extensive literature concerning the use of VOC analysis for in vitro identification and classification of microorganisms, including pathogens, is already the subject of various review articles (2, 12, (32) (33) (34) (35) and will not be addressed here. Thus, after a brief introduction to some of the newly developed analytical technologies used for VOC analysis in clinical matrices, we focus on findings of studies which have used these novel approaches for investigating the potential of disease-related VOC biomarkers or for generating marker profiles enabling detection of underlying infectious diseases.
ANALYTICAL METHODS FOR DETECTION OF VOLATILE METABOLITES
Over the last 2 decades, significant advances have been made in sample collection and preconcentration methods, including the development of a wide range of analytical procedures for the identification of VOCs in exhaled breath and other clinical matrices. Details have been extensively reviewed in the literature (5, 6, (27) (28) (29) (30) (31) (32) and are beyond the scope of the present review. Essential features of important methodologies are briefly summarized below.
Sample Collection
For collection of breath samples, a distinction is made between "dead-space air" volume (ca. 150 ml air) contained in upper respiratory airways (mouth/pharynx) that is not involved in gas exchange and the next 350 ml of alveolar air from deeper lung regions containing blood-based VOCs, which is subjected to analysis (5) . Several techniques/devices have been used for collection and capturing of volatiles from clinical samples before further analysis. The sample can be delivered directly into the measuring instrument in a single step or first collected and stored in a container, usually a polymer bag or canister. The use of disposable mouth pieces and bacterial filters prevents the risk of patient-topatient contamination. Sampling devices employ in-line spirometers to control breath volume. For the headspace sampling technique, it is necessary that the sample forms an equilibrium within a headspace over the sample matrix, which is coseparated from the ambient environment inside a bag such as Tedlar bags or stainless steel electropolished canisters (36, 37) . Because VOCs contained in breath or headspace samples (liquid/solid) are present at very low levels, they require capturing, which can be achieved by using chemical trapping, sorbent trapping, cold trapping, or condensate trapping techniques (38) . This is then followed by thermal desorption (commercially available automatic desorption devices) before they are analyzed for VOC content. The advantages and disadvantages of these techniques have been described in detail elsewhere (38) .
Preconcentration of breath volatiles achieved via solid-phase microextraction (SPME) can be automated for adsorption and desorption purposes (39) . SPME followed by gas chromatography-mass spectrometry (GC-MS) (SPME-GC-MS) provides a sensitive tool to identify and quantify VOCs in trace amounts (6) . A more recently developed methodology which integrates both sampling and preconcentration in one step is membrane extraction with a sorbent interface (40) .
Exhaled-breath condensate (EBC) is a promising technique in which aerosolized microdroplets from the lower respiratory tract are captured by directing the exhaled air through a cooling/freezing device, which results in the accumulation of EBC in the chamber. EBC is composed mainly of condensed water vapor and a very small fraction of droplets containing a range of both volatile and nonvolatile components (e.g., cytokines, leukotrienes, and DNA, etc.). In general, EBC trapping is inefficient because of variable dilutions of microdroplets which carry VOCs and also poses the risk of contamination with nonvolatile components present in the aerosol (24, 41) . Recommendations to standardize the collection of EBC have been made by the American Thoracic Society (ATS)/ European Respiratory Society (ERS) task force on EBC (42) .
Chemical Analysis and Instruments
Basic analytical tools used for detection of volatiles include GC, MS, GC-MS, chemiluminescence, optical absorption spectroscopy systems, electronic noses, and different types of gaseous sensors. The earliest method used for volatile detection in clinical samples was GC coupled to a suitable detector. The class of volatiles detected by GC depends on the type of detector (plasma ionization, plasma photometric, photoionization, and electron capture detectors) used. It has quickly become apparent that the identification of VOC profiles that could serve as biomarkers for a particular disease necessitates the use of appropriate technologies/ instruments which can perform this type of analysis in clinical matrices.
There are several analytical procedures that are linked to GC, including flame ionization detection (GC-FID) and ion mobility spectrometry (GC-IMS), which enable sensitive detection of VOCs (27) . GC-FID, which is widely used for breath analysis, detects organic compounds with high sensitivity, a linear response, and low background noise (43) . GC-IMS, which enables quantification of separated VOCs, is based on separation of ions in relation to their gas phase mobilities. The ion mobility spectrometer is suitable for breath molecular profiling in biomarker discovery (44) .
Nonoptical methodologies for VOC measurement also include a combination of mass spectrometers and selected ion flow tubes as well as the method of proton transfer reaction mass spectrometry (PTR-MS). Both methods work online and do not require preconcentration and separation steps. PTR-MS enables volatile monitoring (selective for oxygen-containing compounds) according to their mass-to-charge ratios; however, using this method, a chemical identification is not possible (45) . Therefore, the PTR ionization technology can be coupled to a time of flight mass spectrometer (PTR-TOF), thereby making an online breath analysis possible. A prototype instrument for PTR-TOF with these capabilities has been developed (28) . A limitation of the PTR-MS method is the fact that each measured mass with its corresponding atomic mass unit (amu) (range, 21 to 229 amu) can represent a combination of various substances with the same amu, making it difficult to identify the specific substance. Another methodology with potential for clinical use is selected ion flow tube mass spectrometry (SIFT-MS), which provides real-time quantification of several VOCs simultaneously and is suitable for online, noninvasive breath analysis for clinical diagnosis and therapeutic monitoring. A relatively small SIFT-MS-based analytical instrument (Profile 3) has been developed for VOC-based breath testing and is suitable for routine use in a clinical setting (46) .
Optical spectroscopic methods (laser absorption spectrometry) are also useful for the detection and quantification of specific gases in a mixture (30) . These methods are highly sensitive and selective and can be connected to different types of spectroscopic sensors, such as acoustic wave sensors, sensors with conductive polymers, and other sensors (47) for detecting specific gases (30) .
Considerable progress has been made in the development of automatic devices for the collection and preconcentration of samples from clinical matrices as well as for VOC separation and detection purposes. However, accepted criteria for the standardization and normalization of the methodologies as well as for data processing, statistical analyses, and evaluation in order to be clinically useful and comparable across independent studies are lacking (6, 10) . Typical steps involved in a GC-MS-based study design for the selection of disease-specific VOC breath biomarkers/profiles in exhaled-breath samples are depicted in Fig. 1 .
Chemical Sensing and Sensor Devices
Gas-based chemical sensing devices, frequently denoted electronic noses (e-noses), have been used successfully for the analysis of volatile metabolites in clinical specimens (32, 48, 49) . They are designed on a principle that electronically mimics the mammalian olfactory system and utilize a variety of technologies. The most commonly used e-noses employ nonselective chemical vapor sensor arrays, which are combined with pattern recognition software, based on a statistical pattern-matching algorithm, and a classification technique. This technology records distinct patterns in re- sponse to different VOCs present in a gas mixture of unknown composition, excluding the need for chemical separation or identification of individual components (50) .
The most commonly used data processing methods are principal component analysis, cluster analysis, discriminant function analysis, genetic algorithms, and neutral network algorithms. Some e-noses are used to analyze breath samples by detecting odor and transduce the vapors into electrical signals, which are then analyzed by pattern recognition software (31) .
Increasing attention is being focused on different types of chemical sensor matrix platforms, which include sensors based on conducting polymers and metal oxides, surface acoustic wave sensors, and optical sensors (32) . A notable development is the use of nanotechnology (gold nanoparticles, nanowires, and nanotubes) for the design of VOC sensors (51, 52) . The output from sensor devices may be a change in color, fluorescence, conductivity, vibration, or sound following the interaction of the VOC compound with the sensor surface. Typically, these devices consist of a detector chip with one or more individually addressable detection elements, each capable of being independently functionalized to detect volatile target analytes (with partial and overlapping specificities for certain classes of chemicals rather than single compounds) in the vapor headspace over a sample (50) . The partial specificity accounts for the generation of a unique signature of the sample where the acquired sensor data (quantitative or semiquantitative) can be combined with artificial-intelligence approaches and Web-based knowledge systems in a clinical diagnostic setting (53) .
The e-nose devices can be tailored for specific applications using sensor arrays, which should be able to detect all or individual volatile components included in the specific predetermined VOC profile. A further development in this direction is the Z-nose. The Z-nose is a device based on acoustic technology which consists of a gas chromatographic detector and a direct column heating system (54, 55) . The benefits of gaseous chemical-sensing devices over other techniques are that they are easy to use for point-of-care (POC) testing; however, the drawback is that they provide only a collective response of the sensors to the analytes being sensed in a mixture without identifying specific chemical compounds. Considerable literature dealing with enose technologies and their various applications in diverse fields, including identification of in vitro-cultured pathogens, is available and has been reviewed extensively elsewhere (31, 32, 49) . The explicit focus of this review is those studies which have evaluated the direct disease detection performance of enose devices in relation to infections. A list of some of the methods currently used in breath analysis and their advantages and disadvantages is provided in Table 1 . 
VOCs AND DIAGNOSIS OF INFECTIOUS DISEASES
Infectious diseases are the major cause of death in many countries, and an early diagnosis may initiate appropriate antimicrobial therapy for efficient patient management. Conventional microbiological procedures are time-consuming and require invasive procedures for obtaining clinical specimens.
There is a need to develop rapid, cheap, convenient, and accurate tests for the diagnosis of infectious diseases, to initiate rapid pathogen detection and subsequent specific treatment. The identification of VOC biomarkers for infections is the focus of considerable clinical research interest mainly because of their disease-detecting potential. The use of unusual body smell (odor sensation/human olfaction) to diagnose diseases was practiced by ancient physicians (1, 31) . In recent years, several reports have documented that dogs can be trained to detect various types of cancers based on cancerspecific odors (volatiles) from a patient's urine, tumor tissue, or breath (56) . Furthermore, African giant pouched rats have been shown to detect Mycobacterium tuberculosis-positive sputum samples (57) .
Various microorganisms, including human pathogens, are known to produce characteristic volatile metabolites (58) , which can be detected through headspace screening of bacterial cultures (59) . VOC "fingerprinting" or "smell printing" has been used for in vitro identification, classification, and discrimination of microorganisms (33, 59, 60) . The recent availability of highly sensitive detection technologies linked to GC-MS instruments combined with novel gas sensor devices (e-noses) has provided necessary tools to identify disease-specific VOC biomarkers in clinical matrices.
In the following sections, we review studies which have employed new analytical approaches to identify VOC biomarkers associated with infectious disease states. The reports deal with certain respiratory, gastrointestinal, urinary tract, and nasal infections.
Respiratory Infections
The majority of published reports have centered on VOC analysis from exhaled breath for establishing the etiologic diagnosis of respiratory infections. There is limited literature available dealing with the assessment of urine or feces for identifying potential VOC biomarkers for other infections. The studies reviewed in this section include pulmonary infections caused by pathogens such as M. tuberculosis, Pseudomonas aeruginosa, and Aspergillus fumigatus.
Mycobacterium tuberculosis. Tuberculosis (TB), an important infectious disease caused by the bacterium M. tuberculosis, is responsible for considerable morbidity and mortality worldwide (61) . Currently available tests for the rapid detection of M. tuberculosis are inadequate, and there is an urgent need for improvements in TB diagnosis and for new methods to determine the efficacy of treatment, particularly in developing countries (62) (63) (64) . The strategy of developing tests based on TB-associated VOC biomarkers offers substantial advantages over other approaches in that such tests are simple, noninvasive, and suitable for adaptation in the form of POC testing devices (e.g., e-noses).
As early as 1923, a review article entitled "Aroma-Producing Microorganisms," which appeared in the Journal of Bacteriology, reviewed the subject of odor association with microorganisms and listed, among others, M. tuberculosis, known for its foul smell (65) .
Reportedly, the Greek physician Hippocrates practiced pouring human sputum on hot coal to diagnose TB on the basis of the emanating foul odor (cited in reference 64).
In more recent years, an increasing number of studies have focused on the application of sensor array-based devices (e-noses) to obtain volatile smell prints in order to discriminate between TB patients and noninfected controls (66) (67) (68) ). An earlier study used electroconductive sensor-based e-nose technology for demonstrating the discrimination of M. tuberculosis from other bacterial species in sputum samples (66) . Next, an e-nose comprising 14 conductive polymers was employed to examine the headspace of sputum samples from 55 culture-positive TB patients and 79 non-TB individuals. Based on artificial neural network analysis of the data, the e-nose correctly predicted 89% of culture-positive patients, with a specificity and sensitivity of 91% and 89%, respectively, compared to culture evaluation (67) . Later, this same group compared sputum headspace samples from Ziehl-Nelson stainnegative and culture-positive TB patients using 2 different e-nose devices. The concluding data for the ENRob e-nose showed a sensitivity and specificity of 68% and 69%, respectively (accuracy, 69%), and the data for the ENWalter device showed sensitivity and specificity values of 75% and 67% (accuracy, 69%), respectively (68) . From this study, it was concluded that commercially available e-noses are not yet accurate enough to differentiate TB patients from non-TB individuals. The sensitivities of commercially available e-noses to different chemical groups and concentrations vary with the particular sensor technology used in the fabrication of the devices (20) .
GC-MS analysis of headspace VOCs from in vitro-cultured Mycobacterium species revealed several metabolites of nicotinic acid, such as methyl phenyl acetate, methyl P anisate, methyl nicotinate, and o-phenylanisole, which were considered specific for M. tuberculosis complex strains (69) . These compounds represent derivatives of nicotinic acid, which can also originate from tobacco or food materials. In fact, a comparison of the analysis of breath samples from nonsmoking patients with TB and those without TB showed a striking difference in levels of nicotinic acid between the two groups (69) . In a subsequent study, this same group reported the detection of methylnicotinate, a metabolite of nicotinic acid, in the exhaled breath of TB patients, achieving a sensitivity of 84% but a low specificity of 64% among patients with smear-positive TB (70) .
In a separate study, GC-MS recorded 130 identifiable VOCs from the headspace of cultured M. tuberculosis, of which the 10 most abundant VOCs, listed in Table 2 , were selected (71). GC-MS analyses were performed on exhaled-breath samples of 42 patients with clinical suspicion of pulmonary TB (sputum culture positive, n ϭ 23; negative, n ϭ 19) and 59 healthy controls. Breath samples of all patients with TB contained the M. tuberculosis-associated markers naphthalene, 1-methyl-and cyclohexane, 1,4-dimethyl-, which were identical, as well as VOCs which were structurally similar to those observed in in vitro cultures (Table 2 ). In addition, they also revealed increased markers of oxidative stress (C 4 to C 20 alkanes and monomethylated alkanes). Fuzzylogic and pattern recognition analysis of the data identified patients with a positive sputum culture with sensitivities and specificities of 95.5% and 78.9% and 82.6% and 100%, respectively (71) . This same group extended the investigations to a multicenter international study in which breath samples collected in portable breath collection devices from a total of 226 symptomatic high-risk patients (United States, Philippines, and United Kingdom) were investigated by using automated thermal desorption GC-MS (72) . Breath volatiles contained components related to oxidative stress, such as alkanes (e.g., tridecane) and methylated alkane derivatives (4-methy-dodecane), as well as in vitro-defined VOCs of M. tuberculosis origin (e.g., cyclohexane, benzene, decane, and heptane derivatives). This VOC pattern in the breath of patients with active TB identified M. tuberculosis infection in this randomly selected population with an overall accuracy of 85.5%, as revealed by C-statistic values, compared to diagnosis based on sputum culture, microscopic smear, chest radiograph, and clinical symptoms (72) . In a similar study, a 6-min breath testing system for POC use (Breath Link) was applied to investigate 279 individuals at 4 centers in 3 different countries representing the Philippines, the United Kingdom, and India (73) . Using multiple Monte Carlo analysis, a set of biomarkers corresponding to previously reported biomarkers of active pulmonary TB were selected. Multivariate predictive algorithm analysis of data from 251 subjects (130 with active TB and 121 controls) allowed correct detection of active pulmonary TB with a sensitivity of 71.2%, a specificity of 72%, and an overall accuracy of 80% (73) .
Notably, M. tuberculosis-associated breath volatile metabolites detected in active pulmonary TB were structurally similar but not identical to those generated from in vitro cultures (73) . The results suggest the feasibility of distinguishing active pulmonary TB from nonactive TB by breath VOC patterns. 1,3,5-Trimethylbenzene was identified in active pulmonary TB, whereas in the nonactive stage, 1,2,3,4-tetramethylbenzene was identified (72) .
Breath samples from 50 patients with suspected TB and 50 non-TB patients from South Africa (region of endemicity) were analyzed by using GC-MS. A VOC profile consisting of 7 compounds (dodecane, 3-heptafluorobutyroxypentadecane, 5-hexonic acid, 1-hexanol, 2-ethyl-, tetradecanoic acid, octanal, and an unknown compound) could differentiate between TB and non-TB breath samples with a sensitivity of 72%, a specificity of 86%, and an accuracy of 79% compared with culture. A validation set of 21 TB and 50 non-TB subjects provided a sensitivity of 62%, a specificity of 84%, and an accuracy of 77% (74) . None of the 7 discriminating VOCs employed in this study were identical to those identified in the headspace of M. tuberculosis cultures in vitro, which led the authors to conclude that they represent host response VOCs (74) . Preliminary results of a study have identified a molecular signature of seven metabolites which could be useful in differentiating active TB, i.e., sputum microscopic test positive, from unexposed healthy (skin test-negative) subjects (R. Nanda, unpublished data).
Current studies suggest that pulmonary tuberculosis alters VOC composition in breath, because M. tuberculosis and oxidative stress resulting from infection both generate distinctive VOCs. Apart from TB, oxidative stress is also associated with various clinical entities and chronic inflammatory diseases (14, 75, 76) . Oxidative stress occurs due to either the increased production of radical oxygen species (ROS) or a depletion/decrease of cellular antioxidant reserves, thereby creating an imbalance between host cell pro-and antioxidant levels (43) . ROS are generated from molecular oxygen via electron transfer reactions and include superoxide ion, hydrogen peroxide, hydroxyl radical, and singlet oxygen (reviewed in reference 77). These ROS can damage cell membranes by peroxidating polyunsaturated fatty acids (lipid peroxidation), resulting in the generation of several breakdown products, including alkanes and methylated alkanes, which are excreted in the breath with altered composition and concentration and can be monitored as biomarkers of oxidative stress (for details, see reference 43).
Reportedly, GC-MS coupled to a headspace sampler can be used to distinguish VOC profiles in urine from TB patients and healthy controls (78) . Data processing using principal component analysis and partial least-squares/discriminant analysis revealed a panel of 5 selected marker compounds (alpha-xylene, isopropyl acetate, 3-pentanol, dimethylstyrene, and cymol), which enabled discrimination between TB-infected and healthy individuals with In a domestic animal model (goats) of chronic intestinal TB (Mycobacterium avium subsp. paratuberculosis), differential ion mobility spectrometry was used to analyze VOC patterns in both the breath and headspaces of feces from infected and noninfected animals (79) . The VOC pattern data obtained from both breath and feces could discriminate M. avium-infected from noninfected animals, although the discriminatory attributes were stronger in breath than in feces. Interestingly, those authors reported quantitative differences (increase or decrease) in VOC detection in relation to infection (79) . A recent investigation in cattle employed GC-MS to select 2 pathogen-related VOCs in the breath of Mycobacterium bovis-infected animals and 2 VOCs associated with healthy noninfected animals (80) . These candidate VOC biomarkers (cyclohexane and pentadine) were utilized for designing an array of sensors based on nanotechnology for detecting M. bovis-infected cattle. In field settings, this device identified all the infected animals and detected probable cases of infection among 21% of noninfected animals (80) .
Reportedly, VOCs in headspaces of serum samples of cattle infected with Mycobacterium avium subsp. paratuberculosis can be used to discriminate infected from healthy cattle by using an enose device (81) . Similarly, analysis of VOCs in headspaces of serum samples detected with an e-nose enabled discrimination of M. bovis-infected cattle and badgers from healthy animals (82) .
Pseudomonas aeruginosa. Pseudomonas aeruginosa is an important pulmonary pathogen, particularly in children with cystic fibrosis (CF), which is a genetic disease caused by mutations of the gene encoding the CF transmembrane regulator (83) . Lungs of CF patients are either colonized or infected with this opportunistic bacterium, which results in an unfavorable prognosis of the course of the disease (83, 84) . Because CF is a genetic disease, infection or colonization with P. aeruginosa is unique in the context that there is no underlying immune defect involved which predisposes the host to infections in general. Early detection of this bacterium is crucial for initiation of appropriate therapy and is therefore of high clinical relevance.
Several studies have reported the detection of high concentrations of hydrogen cyanide (HCN) in the headspace samples of in vitro cultures of P. aeruginosa strains (85) (86) (87) (88) . The production of HCN by P. aeruginosa is considered to be under specific genetic control (86) , and its expression is determined by specific growth conditions, in particular oxygen levels (85) .
HCN has been classified as a key marker for the presence of P. aeruginosa in the headspace of sputum cultures from children with CF (87) . Elevated levels of HCN were detected by SIFT-MS in exhaled-breath samples from 16 children with CF compared to samples from 21 children with asthma (88) . Notably, low levels of HCN have been detected in the oral cavities (89-91) and exhaled breath of healthy individuals (91) . Importantly, HCN has been identified in the headspace of in vitro-cultured Helicobacter pylori strain NCTC11637 (92) and notably also in the breath of patients infected with this bacterium (92, 93) . Thus, the detection of an identical biomarker(s) can indicate a different disease caused by an unrelated pathogen.
Besides HCN, the production of methyl thiocyanate has been reported in the headspace of P. aeruginosa cultures (28 out of 36 strains), as monitored by SPME-GC-MS and real-time SIFT-MS quantification methods (94) . Methyl thiocyanate was also identified with the aid of SIFT-MS in the breath samples of 28 children with CF. The authors of this study noted that in order to determine the clinical relevance of this VOC marker for P. aeruginosa infection, a large clinical investigation is necessary (94) . A breath test involving disease-related VOC biomarkers could be a suitable tool for noninvasive diagnosis of P. aeruginosa infections (88).
2-Aminoacetophenone (2-AA) represents another P. aeruginosa-associated volatile compound which has been proposed as a potential marker for detecting P. aeruginosa in culture (95) (96) (97) (98) . This volatile compound, which accounts for the grape-like odor of P. aeruginosa cultures, is consistently produced by P. aeruginosa strains (95) (96) (97) (98) and is detectable in the headspace of P. aeruginosa cultures by GC-MS (98) and SPME-GC-MS (99). 2-AA has also been detected via SPME-GC-MS in the exhaled breath of 15/16 patients colonized with P. aeruginosa (93.7%), compared to 5/17 (29%) healthy controls and 4/13 (30.7%) CF patients not colonized with P. aeruginosa. The calculated sensitivity and specificity of this test compared to P. aeruginosa culture results were 93.8% and 69.2%, respectively. It was concluded that 2-AA may serve as a potential biomarker of Pseudomonas infection and/or colonization in CF patients (99) . The origin of very low levels of 2-AA detected in a small proportion of healthy controls and subjects with CF (without evidence of P. aeruginosa upon sputum sampling) was unexplained (99) . A subsequent study revealed the presence of 2-AA in a variety of foods, and consequently, the consumption of such foods may lead to a false-positive breath test for 2-AA, and improved breath sampling procedures have been recommended in order to avoid the effects of confounding factors on test results (100) .
There is accumulating evidence that P. aeruginosa infection may be better detected by using a VOC biomarker profile rather than by using the single-biomarker approach. An ion mobility spectrometer coupled with a multicapillary column was used to examine the exhaled breath of 53 individuals, including 24 individuals infected or colonized with P. aeruginosa and 29 health controls. Of a total of 224 signals recorded, 21 enabled discrimination between the healthy and P. aeruginosa-infected groups with sensitivity and specificity values of 89% and 77%, respectively, and positive and negative predictive values of 83% and 86%, respectively (101) . In a different methodological approach, breath samples from 105 children, comprising 48 children with CF and the respective controls, were examined for VOC profiles using GC-time of flight-mass spectrometry (GC-TOF-MS) (18) . On the basis of 14 VOCs, it was possible to correctly identify CF patients with (n ϭ 23) or without (n ϭ 17) positive P. aeruginosa cultures with sensitivity and specificity ranges of 34 to 100% and 29 to 100%, respectively (18) . Next, GC-TOF-MS was used to analyze exhaled breath from 105 children, comprising 48 children with CF and 57 controls (18) . Selection of a distinctive VOC profile consisting of 22 VOCs enabled 100% correct discrimination of children with CF from healthy controls. Within the CF group, 100% correct identification of patients with or without a P. aeruginosa-positive culture was possible with only 14 VOCs. The discriminatory compounds were mostly hydrocarbons with 5 to 16 carbon atoms (18) . SPME-MS was employed to analyze 72 headspace samples from 72 sputum samples originating from 13 pa-tients with CF and 59 with non-CF bronchiectasis, of which 32 had positive P. aeruginosa cultures, 28 were positive for other pathogens, and the remaining 12 were culture negative (102) . It was reported that the VOC 2-nonanone alone could identify P. aeruginosa in sputum headspace samples with 72% sensitivity and 88% specificity. A software-assisted sputum library of a set of 17 VOCs which had a sensitivity of detection of P. aeruginosa of 62% and a specificity of 100% when used in combination with 2-nonanone was able to detect P. aeruginosa in headspace samples with 91% sensitivity and 88% specificity (102) .
Aspergillus fumigatus. Aspergillus fumigatus is the etiologic agent of invasive aspergillosis, allergic bronchopulmonary aspergillosis, and chronic fungal sinusitis. This fungal pathogen poses a significant threat for immunocompromised individuals, and early diagnosis of colonized or infected individuals remains difficult (103) . Identification of infection by detecting a pathogen-specific volatile biomarker(s) in the breath may offer a useful noninvasive diagnostic tool for early detection and treatment, thus reducing mortality in immunocompromised patients.
2-Pentylfuran (2-PF), a volatile compound, has been detected in the headspace of Aspergillus fumigatus cultures (104, 105) and has also been identified in small quantities in the breath samples of CF patients positive for Aspergillus but not in the breath samples of healthy controls (105) . SPME-GC-MS enabled the detection of 2-PF in the exhaled breath of 17 out of 32 patients with a variety of lung disorders who were at risk of colonization or infection with Aspergillus, whereas it was undetectable in 14 healthy subjects, in 1 of 10 neutropenic patients, and in 16 of the 32 patients with lung disorders. Of 10 neutropenic patients not thought to be at risk for Aspergillus infection, 1 patient showed a 2-PF-positive result. The sensitivity and specificity of the 2-PF breath test compared with repeated positive Aspergillus isolations from sputum or bronchial lavage samples were 77% and 78%, respectively (105) . Of special interest is the fact that breath samples from 2 patients with invasive aspergillosis, which tested positive for 2-PF, became negative for this marker after treatment, suggesting possible uses for disease diagnosis and monitoring of disease progression (106) . Because of the presence of 2-PF in various food products, it has been suggested that the 2-PF breath test should be performed on samples obtained from patients whose mouth has been rinsed 30 min or more following the ingestion of food material (107) .
Gastrointestinal Infections
The etiology of gastrointestinal diseases is poorly understood, and the diagnostic approaches are often cumbersome, occasionally invasive, and time-consuming. VOC biomarker-based tests will offer a rapid and noninvasive alternative.
VOCs from the headspaces of stool samples originating from 35 patients suffering from infectious diarrhea and 6 healthy controls were examined by using the SPME-GC-MS technique (108) . Characteristic volatile profiles were observed depending upon the causative organisms; e.g., the absence of hydrocarbons and terpenes indicated infection with Campylobacter, and the absence of furan species without indoles was indicative of infection with Clostridium difficile. Another study analyzed volatiles emitted by fecal samples from patients with ulcerative colitis disease, a disease characterized by inflammation of the colonic mucosa (n ϭ 18); infection with Campylobacter jejuni (n ϭ 31); and Clostridium difficile infection (n ϭ 22) and from 30 asymptomatic donors by using the SPME-GC-MS technique (13) . By using a mass spectral NIST 05 library, a total of 297 and 292 volatiles could be identified in cohort and longitudinal studies, respectively. Whereas at least 40 VOCs could be detected in all samples irrespective of the underlying clinical disease, distinct VOC marker patterns were linked to specific clinical disease compared to the VOC marker patterns emanating from the feces of healthy donors (13) .
Reportedly, fecal samples of patients from Bangladesh with Vibrio cholerae infection (cholera) contained significantly lower numbers of VOCs than did samples from healthy donors (109) . The presence of p-menth-1-en-8-ol has been found to be specific for fecal samples originating from patients with cholera, and therefore, this VOC is considered a candidate biomarker for detection of infection with Vibrio cholerae (17, 109) .
H. pylori, which is the cause of a common bacterial infection of the stomach, plays an important role in gastric cancer (110) . Urea breath tests commonly used as a noninvasive method for detecting H. pylori infections are based on assessing the release of 13 CO 2 following the hydrolysis of the orally administered substrate [ 13 C]urea by the enzyme urease, which is produced by the bacterium in the stomach (111) . Analysis of exhaled-breath samples from patients infected with H. pylori (n ϭ 6) and uninfected healthy controls (n ϭ 23) by using SPME-GC-MS allowed the detection of three endogenous VOCs, namely, isobutane, 2-butanone, and ethyl acetate, in breath samples of H. pylori-infected patients and in the headspace of cultured H. pylori strains but not in breath samples of uninfected healthy controls (112) . These authors argued that either these three endogenous VOCs were produced by H. pylori in vivo or they represent host metabolites as a result of infection. Canonical analysis of data allowed discrimination between H. pyloriinfected and healthy subjects based on these three endogenous VOCs (112) . In a different study, using PTR-MS analysis of exhaled breath, elevated levels of HCN and hydrogen nitrate were detected in patients with H. pylori gastritis compared to healthy controls (93) . Furthermore, HCN has also been detected in the headspace of a cultured H. pylori reference strain (NCTC11637) (92). As mentioned above, HCN is also known to be emitted by P. aeruginosa cultures (85) (86) (87) and is also detectable in exhaledbreath samples of P. aeruginosa-infected individuals (88, 101) .
Urinary Tract Infections
Urinary tract infections (UTIs) are frequently caused by bacterial pathogens such as Escherichia coli, Proteus sp., enterococci, Klebsiella sp., and Staphylococcus saprophyticus. A number of urine sampling procedures and analytical methodologies have been used to identify potential volatile markers of specific bacterial species responsible for UTI (12) . Urine is known to contain a complex mixture of a large number of VOCs (113), which are anticipated to show significant alterations after infection and may behave as potential disease markers. Therefore, a number of studies have investigated the use of secondary metabolites produced by bacterial strains to detect UTI. Analytical procedures such as GC-MS have demonstrated the feasibility of detecting UTI via the identification of bacterial volatile metabolites in urine samples following short incubation periods with appropriate precursor compounds (114) (115) (116) (117) . While this approach made it possible to identify several characteristic high-abundance volatiles produced by specific pathogens, the procedure lacked accuracy and suitability for routine clinical use (12) .
Commercially available e-noses have also been used to identify UTI using urine samples following volatile generation in vitro (118) . The commercially available e-nose (Bloodhound BH-114) based on 14 conducting polymer (CP) gas sensors identified infections in the urinary tract of 45 suspected cases (34) . Another commercial headspace analysis device consisting of an array of conducting sensors (Osmetech microbial analyzer) detected bacteriuria in 534 clinical urine samples with 72% sensitivity and 90% specificity when bacteriuria was defined as Ͼ10 4 CFU/ml and with sensitivity and specificity values of 83% and 88%, respectively, when bacteriuria was defined as Ͼ10 5 CFU/ml (119) . The sensitive detection of pathogen-specific volatile profiles directly in a urine sample (without preincubation or without isolation of the pathogen) is needed for the efficient routine diagnosis of UTI. In this connection, it is worth noting that the use of SPME combined with two-dimensional GC-TOF-MS has enabled the identification of 28 more VOCs associated with the presence of P. aeruginosa than those identified by GC-MS (120) . Bacterial volatile profiling of clinical urine samples with sensitive methodologies may prove useful for diagnosing UTI in situ.
Other Infections
In addition to the studies described above, there are a few brief reports in the literature which have examined the potential of VOC-based testing for direct detection of certain other clinical conditions resulting from infections caused by different pathogenic agents.
A number of bacterial pathogens are responsible for the infection of the sinus (sinusitis), including, among others, Staphylococcus aureus, P. aeruginosa, Streptococcus pneumoniae, and Haemophilus influenzae. It has been shown that pure cultures of these individual bacterial species emit distinct VOCs in their headspaces (121) . E-nose analysis of nasal outbreath samples from patients with chronic sinusitis correctly discriminated diseased from healthy individuals in 80% of the samples (122) . In a separate study, the authors reported the use of an e-nose based on GC and surface acoustic wave sensors (Z-nose). Using this technology, these authors identified 6 VOCs (C 6 to C 14 ) of potential relevance in the diagnosis of chronic sinusitis (123) . SPME-GC-MS analysis of volatiles from infected sinus mucus samples showed many bacterium-specific VOCs, which were also identifiable in the headspace of in vitro cultures of individual species (121) . Interestingly, the concentrations and characteristics of pathogen-associated VOCs emitted from infected mucus differed from those detected in the headspace of cultures representing the same bacterial species which caused the infection. A possible explanation for this finding could be that the nutritional environment and resident bacterial flora of the sinuses account for this difference (121) .
Pneumonia, which is characterized by inflammation of the lungs, results from infection with several organisms, including bacterial pathogens, with the most common bacterial pathogens involved in nosocomial pneumonia being S. pneumoniae, Staphylococcus aureus, P. aeruginosa, and Haemophilus influenzae. Diagnosis is usually based on clinical findings, chest X ray, and isolation and subsequent identification of the pathogen in culture from bronchial secretions. E-nose (Cyranose 320) analysis of exhaled breath has been shown to discriminate between patients with ventilator-associated pneumonia and healthy controls (124) . Promising results have also been reported in a prospective study which showed a good correlation between breath analysis and clinical pneumonia scores (125, 126) .
Reportedly, leg ulcers caused by beta-hemolytic streptococci can be distinguished from uninfected ulcers on the basis of volatiles detected in contact dressings of the wound (127) . An e-nose based on an array of metal-oxide semiconductor sensors was used to monitor bacterial volatiles in the headspaces from swabs and dressings taken from infected wounds and from uninfected swabs. Principal component analysis showed that volatile profiles identified from dressings of infected wounds may be used to discriminate infected from uninfected patients (128) . In particular, reportedly, patterns of volatiles released from dressings of chronic wounds can be used to monitor the progress of wound healing (129) . A recent study emphasized the usefulness of a suitable sampling procedure regarding wounds and showed that multivariate data analysis of VOC profiles obtained by GC-MS could discriminate infected chronic wounds from healthy skin (130) .
Recently, it was reported that an e-nose can be used to distinguish VOCs emitted by urine samples from patients with bacterial vaginosis from those without infection (131, 132) Furthermore, breath samples from individuals with different respiratory diseases analyzed by using multicapillary chromatography coupled to an ion mobile spectrometer revealed the presence of specific peaks that were unique to the fungal pathogen Candida, compared to breath of patients with emphysema or general inflammation (133) .
A list of reported VOC biomarkers in relation to some infections is provided in Table 3. Table 4 summarizes published studies related to diagnostic performance of VOC analyses for certain diseases.
CONCLUSIONS AND PERSPECTIVES
The rationale for measuring VOC signals/profiles in complex clinical matrices is to identify unique fingerprints/smell prints which are associated with certain diseases and can provide clues for early disease detection and diagnosis. In this review, we summarize studies which have used emerging technologies for VOC analysis in clinical samples for assessing their diagnostic potential with respect to certain infectious diseases. In contrast to numerous studies reviewed elsewhere, which have described the use of conventional GC-MS and VOC sensing devices for defining the volatile patterns/smell prints of in vitro-cultured organisms for identification and classification purposes, relatively few reports are available concerning the applicability of the VOC profiling approach directly on clinical samples with the aim of detecting infectious diseases. The major current limitations of the VOC profiling approach are the extremely high costs of laboratory instrumentation depending on appropriate VOC-detecting technologies and the lack of standardized sample collection and preconcentration procedures (devices), which are essential for effective clinical implementation.
Together, the studies included in this review have identified VOC biomarkers/profiles for certain infections which allowed discrimination between diseased and healthy individuals. It may be mentioned that the studies reviewed are diverse with respect to the use of different procedures for collection and anatomical collection sites and have used a wide array of detection devices, and as such, it is not possible to draw any conclusions regarding the efficacy of the analytics used. It is also important to note that most of the reported study designs have compared VOCs from subjects with a particular disease condition with those from healthy controls. Only a few investigations have assessed breath VOCs from healthy participants and compared these with those from patients in different stages of a chronic disease (such as a comparison of patients with active TB and controls with latent TB) or in the presence of concomitant dissimilar infections (such as TB coinfection with human immunodeficiency virus).
The accumulated evidence shows that VOC signals measured in exhaled breath as well as in headspaces of feces or urine samples can be used for assessing their association with certain infections. A study using a domestic-animal model of chronic intestinal TB (M. avium subsp. paratuberculosis) reported that VOC discriminatory attributes were stronger in the breath of animals than in feces (79) . However, comparative assessments of disease-detecting efficacy of VOC biomarkers in human exhaled breath, urine, or feces from the same individual are lacking, and as such, no conclusions are yet possible regarding the disease-detecting strength of VOCs from one source over another. Because breath samples are easy to collect, particularly from children and elderly patients, and instruments for breath analysis are commercially available, this appears to be a promising source of VOC detection in the context of infectious disease diagnosis.
Basically, there are two different approaches used for selecting VOC biomarkers for detecting infections. The first approach, which relates to the use of pathogen-specific biomarkers (single or multiple) for detecting an infection under consideration, assumes that the candidate biomarker(s) is constantly present in the patients (24) . It needs to be emphasized that except for a few unique volatiles, the appearance and/or aberrations in the concentrations of certain VOCs may constantly change because of ongoing endogenous metabolic processes and therefore may not suffice for diagnosis of a disease but may have a role to play in monitoring of the disease status. In addition, the specificity of a test based on a single biomarker is limited by other pathogens producing identical volatile markers. The second approach, which is based upon a combination of pathogen-specific biomarkers and those generated in vivo during reciprocal host-pathogen interactions, has been successfully utilized for TB detection (71) (72) (73) . In the clinical studies described above, results of potential clinical value have been reported by Michael Phillips and coworkers, who evaluated the performance of TB-related breath VOC profiles on a large number of TB patients by using a convenient POC system (72, 73) . However, monitoring of changes/alterations in these biomarkers during treatment and their prognostic significance remain to be evaluated.
It needs to be emphasized that most of the other studies reviewed here have not yet validated the data on a sufficiently large number of subjects in clinical settings. According to ATS/ERS recommendations for the clinical screening of a disease, a breath test should be at least 90% sensitive and 95% specific (134) . Furthermore, because VOCs are ubiquitous in the environment and food materials, and there is a risk of contamination from volatiles originating from anaerobes (135) , it is necessary to take into consideration possible confounding factors such as life-style factors and geographical locations, which can lead to erroneous results (100, 107) .
It is foreseeable that the identification of specific disease-associated VOC marker profiles for a particular disease will ultimately pave the way for the use of this novel technology in routine clinical practice. A number of online VOC detection bench-type instruments based on different technologies (e.g., PTR-MS, SIFT-MS, and IMS) are suitable for POC testing in clinical settings. It may also be possible to design disease-specific sensor arrays targeting unique disease-related VOCs. POC devices (e-noses) based on such specific sensor arrays may allow accurate sensing of diseaserelated volatiles and could therefore be a valuable tool in daily clinical practice in the near future. As our knowledge increases regarding the microbiomes associated with health and disease as well as the metabolic origins of secreted volatile metabolites from affected organs, bodily surfaces, and secretions, further levels of information and sophistication will be incorporated into devices enabling the detection and analysis of VOCs.
